The seismic performance of underground reservoir structures depends on the 4 properties of the structure, soil, and ground motion as well as the kinematic constraints imposed 5 on the structure. This paper seeks to understand the influences of site response, structural 6 stiffness, base fixity, and excitation frequency on the performance of buried structures through and site response, while it was unaffected by the fundamental frequency of the structure (f structure ).
INTRODUCTION

1
The seismic response of stiff-unyielding underground structures with minimum to no soil 2 overburden is a fairly new topic at the interface between geotechnical and structural engineering.
3
Buried structures can be classified as stiff-unyielding structures when they do not deform or 4 rotate enough during seismic events to create active (yielding) conditions in the backfill soil due 5 to the kinematic constraints at their roof or base, while they are not completely rigid and deform 6 according to their stiffness. The majority of previous analytical, numerical, and physical model 7 studies on the seismic response of buried structures focused on either yielding or rigid-8 unyielding underground structures (e.g., Okabe 1926; Mononobe and Matsuo 1929; Seed and 9 Whitman 1970; Wood 1973; Veletsos and Younan 1994; Davis 2003; Ostadan 2005; Stadler 10 complexities that require validation against the results from field observations or physical model 1 studies.
2
Several of the previous experimental studies primarily focused on either yielding retaining 3 structures (Stadler 1996; Al Atik 2010; Mikola 2012) or flexible tunnels with large overburden 4 (e.g., Cilinger and Madhabhushi 2011; Tsinidis et al. 2015) . However, the seismic response of 5 these structures is different from the stiff-unyielding structures with shallow or no overburden 6 considered in this study. In response to this shortcoming, a series of dynamic centrifuge tests 7 were recently conducted at the University of Colorado Boulder to evaluate the seismic 8 performance of buried reservoirs with varying structural rigidity, soil cover, backfill soil type, 9 backfill geometry, base fixity, and container boundary conditions. Hushmand et al. (2016 and 10 forthcoming) summarized the insight obtained from these experiments regarding the influences 11 of structural stiffness and the type and geometry of the backfill soil during earthquake loading.
12
These experiments showed that stiff-unyielding buried structures could experience notable 13 dynamic earth pressures. However, none of the available simplified procedures for buried 14 structures was able to sufficiently capture the distribution and magnitude of seismic earth 15 pressures or deformations experienced by the class of stiff-unyielding structures under the 16 loading scenarios often used in their design. Further, the critical role of site response was 17 displayed on the forces measured on the buried structures. Yet, the interacting influence of site 18 response, structural stiffness, and base fixity on seismic forces and deformations has not yet been 19 investigated in detail experimentally, as is necessary in the validation of future numerical tools.
20
The dynamic behavior of underground structures fixed to a stiff rock foundation differs 21 greatly from structures founded on soil, since the lateral base movement is prevented. Past 22 analytical and numerical studies (e.g., Wood 1973; Li 1999; Richards et al. 1999; Davis 2003; 23 1 structures with a fixed base experience larger dynamic earth pressures compared to structures 2 that can translate laterally. In addition to the magnitude of thrust, the distribution of earth 3 pressures along the wall height can have a great influence on seismic performance. However, 4 there is no consensus among past studies on what shape the pressure profile takes for structures 5 with a fixed base condition, as well as those that can translate laterally. Further, the influence of 6 the frequency content of the base motion on the forces and deformations experienced by stiff-7 unyielding structures, whether fixed at the base or free to translate, has not been evaluated 8 experimentally.
9
This paper focuses on the effects of far-field site response, the base fixity and stiffness of the 10 structure, and the frequency content of the base motion in relation to the fundamental frequencies and structure. The insight from these experiments is intended to guide the future modeling and 22 design of an entire class of stiff-unyielding buried reservoir structures to withstand earthquake 1 loading.
2
EXPERIMENTAL METHOD
3 Dynamic tests of model reservoir structures were performed at 60g of centrifugal acceleration 4 using the 5.5 m-radius, 400 g-ton geotechnical centrifuge at the University of Colorado Boulder.
5
The model specimens were prepared in a flexible shear beam (FSB) container developed by 6 Ghayoomi et al. (2012; 2013) . The four different centrifuge tests considered in this study are 7 referred to as T-Flexible, T-BL (baseline), T-Stiff, and T-Fixed. T-Flexible, T-BL, and T-Stiff 8 had the same test configuration shown in Figure 1a , but have different flexural rigidities of the 9 structures, as detailed in Table 1 . In T-Fixed, the same baseline structure as T-BL was used, 10 which was bolted to the base of the FSB container to emulate a fixed-base condition, as shown in 
23
The model structures were designed based on a simplified version of the prototype reservoir and were also placed on the sidewalls of the container to facilitate relative sliding and minimize 7 friction and simulate plane strain conditions.
8 Figure 1 shows the large number of sensors, including accelerometers, linearly-variable 9 differential transformers (LVDTs), strain gauges, and tactile pressure transducers that were used 10 to measure the seismic response of the soil-structure system. Miniature piezoelectric 11 accelerometers were used to measure accelerations in the soil, on the structure, and on the FSB
12
container. The settlement of soil and structures and the lateral displacement of the structure,
13
container frames, and container base were measured using LVDTs. Eight strain gauges were 14 mounted along each wall of the structures in a half bridge configuration to measure bending 15 strains. Two tactile pressure sensors were installed along the height of each wall of the structures 16 perpendicular to the direction of shaking to measure static and seismic lateral earth pressures.
17
The tactile sensors were equilibrated, conditioned, and statically and dynamically calibrated prior attached to a different data acquisition system and had a sampling frequency of 4,000 sps per 22 sensel.
7
The motions were applied to the container base in flight using the servo-controlled, electro-1 hydraulic shake table (Ketcham et al. 1991 Loma. Figure 3 presents the acceleration response spectra (5% damped) of the achieved
(recorded) base motions in each of the four experiments and Table 2 includes a summary of the 8 ground motion properties achieved in each test, in terms of peak ground acceleration (PGA),
9
Arias Intensity (I a ), significant duration (D 5-95 ), and mean frequency (f m ). As expected, the 10 largest difference in the properties of the achieved motions was observed during T-Fixed, in 11 which the total weight of the model specimen was significantly different from the other tests.
12
The earthquake motions in each test were followed by a sequence of eight sinusoidal motions response of the soil-structure system. As shown in Table 2 , two of earthquake motions were 17 repeated after the sinusoidal motions to evaluate the response of the system after soil 18 densification, followed by one final intense motion (Loma) and the highest frequency sinusoidal 19 motion (6.7 Hz).
20
EXPERIMENTAL RESULTS
21
Soil Densification after Subsequent Motions
22
The application of successive motions changes the soil characteristics through shearing and 1 densification, which consequently affects the accelerations, strains, and earth pressures 2 experienced by the soil-structure system during shaking. Notable cumulative soil and structure 3 settlements were observed after each successive ground motion in the centrifuge. Figure increased from approximately 60 to 73% during this test. The largest settlement occurred during 7 the first three ground motions when the soil was at its loosest state. During T-Flexible, the lighter 8 structure (as compared to the baseline and stiff structures) settled less than the adjacent soil and 9 far-field. The settlement of the buried structure increased as its weight increased, as expected.
10
The relative density of the granular backfill soil increased from 72 to 81% and from 60 to 11 75% in the centrifuge experiments conducted by Al Atik (2010) and Stadler (1996) , respectively.
12
However, the influence of soil densification and seismic history could not be evaluated in these 13 experiments because the same motion was not repeated after multiple ground motions. The
14
Northridge-L and Izmit ground motions in the presented experiments were repeated towards the 15 end of the test (Table 2) , which are referred to as Northridge-L2 and Izmit-2, in order to evaluate 16 the influence of repetitive soil densification and shearing on the response of the soil-structure 17 system.
18
The change in relative density (D r ) of the far-field soil was estimated to be ~12% between the
19
Northridge-L1 and Northridge-L2 motions and 3% between the Izmit-1 and Izmit-2 motions. Izmit-2 motions, again because of minor soil densifications that occurred in between those two 12 motions.
13
The dynamic increment of lateral earth pressures recorded on each structure during the two 14 sets of Northridge-L and Izmit motions at the time corresponding to peak dynamic thrust is 15 compared in Figure 7 . In general, the distribution and magnitude of seismic earth pressures were 16 consistent during the two sets of motions, increasing slightly during the second set primarily due 17 to densification. There was, however, one exception. As will be discussed in more detail in later 18 sections, the distribution of seismic earth pressures was generally observed to change from 19 linearly increasing with depth to a higher order polynomial as the structure's flexural stiffness 20 was increased (Hushmand et al. 2016 ). However, the flexible structure during T-Flexible,
21
Northridge-L1 did not show the linearly increasing trend that was expected based on trends The transfer functions of far-field soil surface to container base accelerations as well as were amplified at the lower levels of shaking (PGA base ~ 0.3g) and started to de-amplify at higher 22 levels of shaking (PGA base > 0.6g), as expected, due to additional soil nonlinearity and damping.
23
Larger accelerations were recorded on the structure in T-Fixed compared to the other 1 experiments that allowed transient rocking, settlement, and damping of seismic energy.
2
The spectral ratios of acceleration at the top of the structure to those in the far-field soil in 3 each test during different earthquake motions are compared in Figure 11 . Overall, the 4 acceleration response of the structure was amplified compared to the far-field in frequencies 5 ranging from about 2 to 5 Hz for all motions and structures. Increasing the flexibility of the 6 structure often slightly increased its acceleration amplification with respect to the far-field due to 7 a greater deflection near the roof. The spectral ratio of the structure in T-Fixed was greater 8 compared to the other three tests, because of the kinematic constraint imposed at the base of the 9 structure, amplifying its acceleration more pronouncedly relative to the far-field soil.
10
Structural Tilt
11
The time histories and Fourier Amplitude Spectra of tilt measured on the three structures 
Seismic Earth Pressures
5
The dynamic increment of pressure (Δσ E ) was obtained directly from tactile pressure sensors 6 by subtracting the pre-shake static pressure from the total value at a given depth. Dynamic thrust 7 acting on each structure during a given motion was estimated by numerically integrating the tests.
10
In T-Fixed, the f so ʹ of the shallower soil deposit ranged from approximately 2.2 to 3.5 Hz were recorded at an excitation frequency near 2 to 3 Hz, which was again near f so ʹ in that test. At changed from approximately triangular to parabolic with increasing structural stiffness.
5
The shape or distribution of dynamic earth pressures was shown as relatively independent 6 of the excitation frequency and mainly dependent on the structure's relative stiffness and 7 base fixity. ground motion intensities often used in the design of underground reservoir structures.
11
The analytical procedures commonly employed to evaluate the seismic response of 
